The Cu(111) surface state has been mapped for vicinal surfaces with variable step densities by angleresolved photoemission. Using tunable synchrotron radiation to vary the k dependence perpendicular to the surface, as well as the k k dependence, we find a switch between two qualitatively different regimes at a miscut of 7 ± (17 Å terrace width). For larger miscut angles the step modulation of the wave function dominates, and for smaller miscut angles the terrace modulation dominates. These observations resolve an apparent inconsistency between prior photoemission and STM results.
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The Cu(111) surface state has been mapped for vicinal surfaces with variable step densities by angleresolved photoemission. Using tunable synchrotron radiation to vary the k dependence perpendicular to the surface, as well as the k k dependence, we find a switch between two qualitatively different regimes at a miscut of 7 ± (17 Å terrace width). For larger miscut angles the step modulation of the wave function dominates, and for smaller miscut angles the terrace modulation dominates. These observations resolve an apparent inconsistency between prior photoemission and STM results. Vicinal or faceted surfaces play an important role in producing low-dimensional, nanostructured solids with tailored electronic properties [1] [2] [3] . They have also served as models for the special sites which dominate the heterogeneous catalysis [4] . In both situations the basic issue at hand is the nature of the wave function that tailors the electronic states and characterizes the chemically active orbitals. The wave function of a step lattice is modulated by two periodicities, that of the superlattice [ Fig. 1(a) ] and that of the atomic corrugation of the terraces [ Fig. 1(b) ]. In addition, as we will show, the modulation by the bulk lattice perpendicular to the surface plays an important role. A good model system for investigating the behavior of these wave functions is a noble metal surface with a free-electron-like surface state, such as Cu(111) [5] [6] [7] [8] [9] [10] . It has been shown that regular superlattices of straight, monoatomic steps can be prepared on vicinal Cu(111) at 300 K [10] . The Cu(111) surface state lies close to the Fermi level. Its charge density produces well-defined ripples in scanning tunneling microscopy (STM) pictures [5] [6] [7] . These ripples lie in the (111) plane of the terraces, thus giving rise to a model wave function similar to that in Fig. 1(b) . Angle-resolved photoemission data, on the other hand, produce E͑k͒ band dispersions that lead to the picture in Fig. 1(a) [8] [9] [10] . In addition, backfolding of the surface state band by the reciprocal vector of the step superlattice has been reported and explained in a model consistent with Fig. 1(a) [9] .
In order to find out whether or not these two models are compatible with each other we have performed angleresolved, photon-energy-dependent photoemission studies at Cu(111) surfaces with various miscut angles. For large miscuts ͑9 ± ͒ the surface band dispersions reproduce previous photoemission data, but for small miscuts ͑5 ± ͒ they are centered about the terrace normal as found in STM measurements [7] . The terrace width where this switch occurs (17 Å or eight atomic rows) defines a characteristic length scale, where the description of the surface wave function changes qualitatively, from being modulated by the step lattice to being modulated by the terrace corrugation. This length scale is shorter than the electron coherence length on flat terraces, but very similar to the minimum wave vector that couples surface states with bulk states. Our quantitative analysis uses a picture based on electron diffraction at step lattices [1] . It includes the momentum perpendicular to the surface, which is varied by changing the kinetic energy of the photoelectrons via the photon energy.
Vicinal Cu(111) surfaces were prepared with miscuts between 5 ± and 9 ± towards the ͓112͔ azimuthal direction. The crystals were electrochemically polished, sputter-annealed (500 eV Ar 1 ions, 800 K), and cooled slowly to 300 K. STM shows a regular distribution of monoatomic, (100)-like steps running along the ͓110͔ direction. We have chosen surfaces with (100)-like steps instead of (111)-like, since regular arrays are easier to prepare. Photoemission experiments were performed using p-polarized synchrotron radiation using a vacuum generator analyzer at HASYLAB and a Scienta analyzer at the SRC (Wisconsin). The measurement geometry is displayed in Fig. 1 and a 5 ± miscuts, respectively. Emission angles ͑u͒ are given with respect to the normal of the average surface.
In Fig. 2 we present the dispersion of the p z -like surface state band as a function of u in the direction perpendicular to the steps, measured at three different photon energies. High photoemission intensity is shown in the dark areas. Parabolic fits (thick lines) show that the bottom of the band is shifted up from the value of the flat (111) surface (20.4 eV [11] ) to 20.35 and 20.3 eV for 5
± and 9 ± miscut, reflecting the repulsive effect of the step barrier [10] . But the most remarkable feature, compared to flat Cu(111), is the systematic shift of the band minimum ͑u min ͒ away from normal emission. It lies at 12 ± , 7.6 ± , and 4.8 ± for 10, 13, and 22 eV, respectively, in the 9 ± miscut surface. For the 5 ± miscut it is located at 9. 
Note that, as a consequence of this relation, a fixed k min k gives rise to a u min that varies with E kin and approaches zero at the high kinetic energies obtained for high photon energies ͑hn͒. This is observed in Fig. 2 
In Fig. 3 we analyze the photoemission experiment using the basic framework of low energy electron diffraction from a vicinal surface [1] . The diffraction rods are defined by multiples of the step superlattice vector G x 2p͞d. Note the change in the vertical scale for the 5 ± miscut. The data points (dots) represent the different 
where k is the photoelectron wave vector inside the crystal, E kin ͑k͒ is its energy referenced to the vacuum level, and V 0 represents the potential step at the surface (V 0 13.5 eV, following Ref. [14] ). At a fixed photon energy hn the kinetic energy is fixed as well, giving rise to the circles defining the position of the final state electron in momentum space, as shown in Fig. 3 . The experimental data points (dots) are determined by the intersection of these circles with the k k value obtained from Eq. (1). We now find that the data points for the 5 ± sample line up along the terrace normal in three-dimensional k space.
After characterizing the location of the surface state in k space we are now able to draw conclusions about the nature of its wave function. The two extreme cases discussed earlier in Figs. 1(a) and 1(b) are shown on top of Fig. 3 . The wave function perpendicular to the surface has been added, in order to explain transitions in three-dimensional k space. For a true, two-dimensional surface state, the wave function decays perpendicular to the surface giving rise to a broadened k distribution in the direction perpendicular to the average surface ͑k Ќ ͒ [15] . That is indicated by the cigar-shaped shaded hatched areas in Fig. 3(a) . For the p z -like surface state in Cu(111), the k distribution is centered at the L point of the bulk band structure ͓k L ͑1͞2, 1͞2, 1͞2͒2p͞a͔, where a is the Cu lattice constant. As a consequence, the photoemission intensity exhibits a maximum when the perpendicular momentum of the final state lies close to L [16] .
For the case of low miscut angles shown in Fig. 3 (b) we find empirically that the k distribution of the surface state is confined to cigar-shaped areas that are lined up parallel to the terrace normal. From that, we conclude that the wave function decays perpendicular to the terraces, not perpendicular to the average surface. It appears as if the wave function ignored the step lattice and propagated parallel to the (111) terraces. Such behavior is seen in STM. In fact, previous STM work was performed with small miscut angles ͑,5 ± ͒ or near isolated steps [5] [6] [7] . Thus, we are able to reduce the apparent discrepancy between previous photoemission and STM data to the fact that photoemission was performed at large miscuts (.8 ± , [8, 9] ), whereas STM covered only small miscuts. By covering the whole range of miscuts in one photoemission experiment we are able to follow the switch between the two regimes [17] .
How can the switch between the two types of wave functions in Figs. 1(a) and 1(b) be explained? A straightforward explanation of the switch might be based on the lateral coherence length of the electrons. If the terrace width becomes large compared to the coherence length, the electron wave function of an electron placed at the center of a terrace does not see the step edges. The problem with such a simple explanation is that it requires a lateral coherence length that is much smaller than expected from transport measurements (about 300 Å). Previous photoemission experiments [11, 18] gave a significantly smaller coherence length of 30 Å but still larger than the 17 Å terrace width for a 7 ± miscut where the switch occurs. Unless there is an extra elastic scattering mechanism at stepped surfaces [11] , this model cannot explain the switch.
A second mechanism is coupling between surface and bulk states via step lattice vectors G x 2p͞d. Such a process has been pointed out by Hörmandinger and Pendry for rows of scatterers on flat Cu(111) [19] . Figure 4 outlines schematically Bragg scattering with G x vectors from surface states on the terrace, at the bottom of the surface band ͑k k 0͒. Note that the cigars in Fig. 3 describe the Fourier spectrum of a decaying wave with k k L ͑1͞2, 1͞2, 1͞2͒ ͑2p͞a͒. When the step spacing d becomes small enough, bulk states at the edge of the band gap can be reached by adding G x . In such case bulk states hybridize with the surface state wave function giving rise to a three-dimensional surface resonance. In Fig. 4 from Ref. [20] , we obtain a ഠ 5 ± . Thus, for miscut angles above 5 ± , surface states become resonances. Our data indicate that these surface resonances lie on the average surface plane.
Finally, to explain the critical angle of the switch-over we can also consider the width of the gap in the projected band structure that supports the Cu(111) (terrace) surface state. It is located in the L neck of the Cu Fermi surface. Considering bulk states in the first Brillouin zone, this gap shrinks to zero at a miscut angle between 7.2 ± and 9.1 ± for energies between -0.35 eV and E F . Like surface-bulk coupling, this mechanism describes again the conversion of a surface state into a resonance. Based on our data, it actually gives the correct range for the critical miscut angle. Thus we may consider such a gap closing as the mechanism that determines the switch-over between average surface and terracelike wave functions.
